Beef cattle (Bos taurus L.) feedlots pose serious environmental challenges associated with nutrient runoff. Smooth bromegrass (Bromus inermis Leyss.) is a perennial rhizomatous grass that is widely used for forage production in the USA and Canada. The objective of this research was to determine the best management system for producing forage from a vegetated treatment area (VTA) while maintaining the capacity of the VTA to remove nutrients from feedlot effluent. Four harvest management treatments (1-, 2-, and 3-harvest per year and an un-harvested control) were applied during spring 2005 and evaluated over a 5-yr period in a smooth brome sward on a VTA near Howard, SD. Mean annual total forage production during a 4-yr period ranged from 6.2 Mg·ha −1 to 9.5 Mg·ha −1 for 1-and 3-harvest systems, respectively. Nutrient removal by the bromegrass ranged from 148 kg·N·ha −1 and 15 kg·P·ha −1 for the 1-harvest treatment to 244 kg·ha −1 N and 24 kg·ha −1 P for the 3-harvest treatment. Results indicated that high amounts of smooth bromegrass forage could be produced and soil nutrients removed from 2-and 3-harvest systems without compromising stand vigor and persistence on a VTA in eastern South Dakota.
Introduction
Beef cattle (Bos taurus L.) feedlots are sources of nitrogen (N), phosphorus (P), and other nutrients. If not properly controlled, these nutrients can contribute to the degradation of water quality in lakes, reservoirs, rivers, and ground water aquifers. Cattle manure contains appreciable amounts of N and P, which can be transported from feedlots to receiving waters via runoff during precipitation events [1] . In 2003, the Environmental Protection Agency issued the Final Rule on Effluent Limitation Guidelines, which established collection pond technology as the standard for total animal waste containment [2] . However, the ruling also provided alternative technologies. One of the technologies being assessed as an option to treat livestock run-off is the vegetated treatment system (VTS) [3] .
A typical VTS in South Dakota consists of a basin for solids separation and collection and a vegetated treatment area (VTA) for water and nutrient utilization. Types of VTAs include sloped VTAs, terraces, infiltration basins, and constructed wetlands. Vegetation may include aquatic plants, trees, and grasses grown for forage [4] . Vegetated treatment areas offer potential for production of high biomass and high quality forage. However, production of forage should not compromise their capacity to provide filtering for nutrients from feedlot effluent. Therefore, management strategies that permit high quality forage production while maintaining the filtering capacity of VTAs need to be developed [5] .
The amount of soil nutrients absorbed by a forage crop mainly depends on soil nutrient availability, potential demand of the crop, and harvest strategy. Herbage N concentrations are generally higher under frequent harvest, because the plants are less mature at harvest, whereas the total N uptake could be higher or lower with frequent harvesting depending on species, soil, and year [6] . Singer and Moore [7] found that N and P concentrations decreased exponentially with increasing dry matter production at similar rates for different species of perennial grasses.
Nutrient removal efficiency increases with increased harvest intensity due to high N concentration at early plant developmental stages [6] . For N and P, if the aim is to harvest maximum amounts of nutrients it is more important to achieve high dry matter production than a high concentration of nutrients [7] . In an integrated system for forage production and VTAs, the question is whether forage production or nutrient removal should be the main goal.
Grass swards and buffer strips can be used to reduce P losses. Used as buffer strips, grasses reduce P losses by reducing both total runoff and the suspended solids in runoff waters. Perennial grasses trap P from surface runoff by sedimentation of P-enriched soil particles and uptake of dissolved P [5] [8] . Grass species suitable for VTAs should have (i) potential for high biomass yield, (ii) tolerance for wet conditions, (iii) prolonged vegetative growth, and (iv) tolerance for more than one harvest per year. The first requirement is of importance for nutrient removal and the second for denitrification capacity. With a prolonged vegetative growth there is less risk of leaching during early spring and late autumn. Repeated harvest maintains active nutrient uptake by the crop and it also meets quality requirements on harvested biomass when using the grass as raw material for biogas generation [7] .
Some perennial grasses that have been used with good results in wastewater treatment experiments and nutrient removal are reed canarygrass (Phalaris arundinacea L.), meadow foxtail (Alopecurus pratensis L.), switchgrass (Panicum virgatum L.), and smooth bromegrass (Bromus inermis Leyss.) (Figure 1) . Grasses that are rhizomatous, have well-developed root systems, and can tolerate biannual harvesting for many years, have the possibility of producing high dry matter yields and may also have potential as energy crops [5] . Smooth bromegrass is used for hay and pasture throughout temperate North America [9] . It is an upright-growing perennial that spreads by rhizomes to produce a dense sod [10] . Vogel et al. [11] summarized results from harvest management studies on smooth bromegrass and concluded that forage yields are maximized when the first harvest is after heading and subsequent harvests are infrequent. Knievel et al. [12] found that the highest seasonal herbage yields and best stands of smooth bromegrass in Wisconsin occurred when the first crop was cut at early anthesis. Smith et al. [10] reported that stands of smooth bromegrass, growing with alfalfa, were nearly eliminated within three years when they were cut three times annually at a cutting height of 4 cm.
Mixed biomass production with a VTA conservation practice could provide a "green" farming practice [13] to reuse manure nutrients from dairy manure, produce an alternative agricultural commodity, and protect the water resource in eastern South Dakota. Such herbage production systems may not only be environmentally sound for recycling of nutrients and minimizing nutrient loss to water bodies, but also help farmers/producers to maintain long-term economic profitability [5] . The objective of this research was to determine the best harvest management system for high biomass production, stand persistence, high quality forage, and maximum nutrient (i.e., nitrogen and phosphorus) removal from a smooth bromegrass VTA for a beef cattle feedlot in eastern South Dakota. Table 1 . Water and nutrient inflows and nutrient concentrations in the soil of the VTA are presented in Table 2 . Methods used for runoff water collection and chemical analysis, soil sampling and soil nutrient analysis, and water and nutrient inflow and outflow measurements are described by Michael [14] and Ostrem [15] .
Materials and Methods
An unknown cultivar of smooth bromegrass was seeded on the study site by the landowner several years prior to the initiation of the experiment and formed a nearly pure stand by the onset of this study. Prior to the experiment, the area had been lightly grazed or hayed, and no fertilizers or herbicides were applied.
Forage production and nutrient removal data collection began during 2005 and continued through 2009 on a relatively level area at the lowest region of the VTA near an outlet for surface runoff. Because there was no information for soil condition for the testing site, a Latin square experimental design at this landscape site was employed with four harvest management treatments. They included 1) control (not harvested until the end of the growing season during 2009); 2) one harvest (initial growth harvested at late anthesis/peak standing crop around July 1) per year, 3) two harvests (first harvest of initial growth at late anthesis around July 1 and second harvest of regrowth during autumn near end of growing season) per year, and 4) three harvests (initial growth at late anthesis around 1 July; second harvest when adequate regrowth was present, and third harvest, which was regrowth that accumulated between the second harvest during autumn near end of the growing season) per year ( Table 3) .
Dry matter (DM) yields were determined for each cutting and combined (in the case of 2-and 3-harvest treatments) to give treatment totals for each year. Individual plot size was 3 × 3 meters. The experiment was ex- Plots were harvested at a cutting height of 7.5 cm with a rotary mower with a bagger. Fresh weights were taken in the field, and samples of approximately 1 kg were taken from harvested fresh biomass for each treatment and analyzed for DM, N, and P. Samples were first dried for 72 h at 60˚C and ground to pass through a 1 mm screen. Total N concentration was determined by a modified Kjeldahl method (block digester). The same digest was used to determine total P with the molybdate-reactive method. In 2005 0.09 m −2 plots were harvested from each experimental unit regrowth in the 2-and 3-harvest systems to determine morphological differences between tillers from first and second regrowth cycles.
Mass of nitrogen removed was calculated as the product of forage dry matter yield and N concentration [7] . Crude protein concentration was determined by multiplying nitrogen concentration by 6.25. Forage production and nutrient removal data were analyzed individually by year using the linear models procedure in Statistix 9 [16] . Harvest management treatments were considered a fixed effect. Our data analysis did not show significant row or column effects with this Latin square experimental design.
Results

Forage Production
The 2-and 3-harvest systems produced similar forage yields, which were significantly greater than the yields of the single harvest system for each of the five years. Grand means, averaged across years and landscape positions, were 6.5 Mg•ha −1 for the single harvest system and 9.2 Mg•ha −1 for the 3-harvest system. Differences in forage yield between single and multiple-harvest systems varied among years and ranged from 20% in 2007 (at bottom of VTA) and 2009 to 86% in 2006 ( Table 4) . The reason for regrowth composing considerably less of the total forage production in 2009 was due to the first harvest being delayed until early August due to wet soil conditions ( Table 2 and Table 3 ). In general, the relative difference between the single-and multiple-harvest systems for forage yield appeared to be related to precipitation received during the growing season (i.e., April through September) ( Table 1 and Table 3 ). The substantial inflow of water and nutrients to the VTA during 2007 occurred largely during late winter and early spring as a result of snowmelt. At that time the smooth bromegrass was not actively growing.
In 2008 precipitation during June was 120% of normal, but July through August precipitation was only 46% of normal (Table 1) . Consequently, very little regrowth occurred after the second harvest of the 3-harvest system on 19 August 2008, and the second regrowth was insufficient to merit harvest in November ( Table 3 ). In 2009, June through July precipitation was 140% of normal and water and nutrient inflows from the feedlot were substantial ( Table 2) .
A difference was found between landscape positions on the VTA for forage production in 2007, with the upper position near the gated pipe inflow producing 40% more forage than the position near the outlet of the VTA. However, no difference was found between landscape positions for forage production in 2008 and 2009. The landscape position x harvest treatment mean square was also non-significant; therefore, data were pooled across positions for the analysis of variance for each of 2008 and 2009 ( Table 4) .
Leaves•tiller −1 and individual tiller weight of regrowth were higher in a 2-harvest system than the second regrowth of the 3-harvest system. However, the leaf fraction was higher in the second regrowth of the 3-cut system ( Table 5) . Stockpiling regrowth for three months in the 2-harvest system provided high quality forage, with protein concentrations comparable to that of the shorter second regrowth regrowth cycle of the 3-harvest system. An example of the variation among initial and regrowth harvests for crude protein concentration is presented for 2007 in Table 6 . 
Nutrient Removal
Differences occurred among harvest systems for amounts of nutrients removed in harvested forage ( Table 7 and Table 8 ). Nitrogen removal for the multiple harvest systems exceeded that of the single-harvest system by as little as 29% in 2008 and by as much as 234% in 2006 ( Table 7) . Similar trends occurred for removal of phosphorus by harvested forage ( 
Discussion
Forage Production
This long-term study provided insight into the sustainability of multiple harvest systems for forage production from smooth bromegrass on VTAs in the northern Great Plains and provided new information for the region on the production potentials of 1-, 2-and 3-harvest systems for smooth bromegrass. Our results showed, averaged across five years, around 40% yield advantage to the multiple-harvest systems over the single-harvest system. They also indicated no advantage to a 3-harvest over a 2-harvest system for total annual forage production and no advantage of a single-harvest system over multiple-harvest systems for stand vigor and persistence when the first harvest was post-anthesis (i.e., during early July). In Saskatchewan, Canada a 2-cut system, with the first cut at full anthesis in mid-July, was more productive than a 3-cut system, with first cut at pre-anthesis in midJune, for smooth bromegrass on unfertilized soil [17] . Levels of forage production attained in this study are comparable to those reported for smooth bromegrass for a 5-yr study in Minnesota [18] and a 3-yr study in northeastern Nebraska [19] . Since, for the present study, the first harvest during each year was taken after anthesis, the most sensitive stage for harvesting initial growth of smooth bromegrass (i.e., jointing through heading) was avoided [11] . In this study, stands (data not shown) of multiple-harvest systems were maintained over the 5-yr period, and regrowth yields were related to the amount of precipitation received during mid-summer ( Table 2 and Table 3 ). This indicated that the levels of water and nutrients applied from the feedlot runoff to the experimental areas of this study ( Table 2 ) had little or no negative effect on stand density or persistence [20] .
The regrowth fraction of total forage production (i.e., 30%) for the present study was slightly higher than that reported from similar studies in the north central region of the USA. Under irrigation in western South Dakota, the first harvest at anthesis during mid-June of smooth bromegrass contributed 87% of the total forage production of a 2-harvest system with the second harvest taken during late August [21] . In a two-harvest system in western North Dakota on dryland, the first cutting of smooth bromegrass taken from mid-June to mid-August over a 5-yr period accounted for 80% of the total annual production [22] . Similar results were observed from a three-harvest system for smooth bromegrass in Wisconsin [23] .
Similarly, taking the first harvest at early seed produced the highest forage yields in Saskatchewan [24] . In a 2-harvest system in Saskatchewan, McCartney et al. [6] found 76% of the total production was from the first harvest taken during early July, with the second harvest occurring during late September. In Minnesota, forage yields of 2-harvest and 3-harvest systems, with first harvest at the green seed and heading stages, respectively, produced more forage annually over a 3-yr period than a 4-harvest system with the first harvest taken at boot stage [18] . Harvest Harvest system Marten et al. [20] evaluated eight perennial forage species, including smooth bromegrass, under two levels of municipal wastewater effluent (i.e., 5 or 10 cm•week −1 ) and found that smooth bromegrass persisted better in 2-harvest than in 3-or 4-harvest plots. They attributed that difference to the stages of development at which the first harvest was taken. Plants were not fully headed for first harvest of the 3-harvest system and in the boot stage for the 4-harvest treatment. They concluded that smooth bromegrass did not persist sufficiently to receive consideration for forage production under the levels of effluent applied in their study.
Nutrient Removal
Nitrogen removal by forage varied with temporal environmental conditions that also influenced total forage production. Conditions that favored forage production during late summer and early autumn resulted in the highest nutrient uptakes. McCartney et al. [6] postulated that nutrient removal efficiency increases with increased harvest intensity due to high N concentration at early stages of plant development. In the current study, the second regrowth was comprised of almost entirely vegetative tillers with high N concentration.
Levels of nitrogen removal in this study were comparable to levels reported for smooth bromegrass in northern Saskatchewan [6] . In New Jersey, Singer and Moore [7] found nitrogen removal across N fertilizer rates varied greatly by year due to environmental conditions. They found in two consecutive years nitrogen removal from a 3-harvest system varied more than twofold, with about 400 kg•N•ha −1 removed during the most favorable year for plant growth. As was found in the present study, Singer and Moore [7] reported the greatest amount of nitrogen was removed in the first harvest. They also concluded that harvest interval and environmental conditions that favor vigorous growth promote increased nitrogen removal. For vigorous growth and nitrogen removal during autumn, they demonstrated the superiority of orchardgrass over smooth bromegrass. Similarly, Zemenchik and Albrecht [23] found orchardgrass, due to its more uniform seasonal yield distribution, to have higher apparent nitrogen recovery than smooth bromegrass.
In general, N removal in the forage was not significantly different for the 2-and 3-harvest systems. However, the 3-harvest system removed more N than the 2-harvest system in 2006 and 2007. Phosphorus removal showed a similar pattern. The removal of N and P by the bromegrass forage was small relative to the amounts of each nutrient applied to the VTA from inflow. Undoubtedly, this high concentration of nutrients is related to the size of the area of the VTA, which was less than 20% of the area of the feedlot. In a solution-culture experiment, reed canarygrass (Phalaris arundinacea L.) and switchgrass (Panicum virgatum L.) were more effective than smooth bromegrass for removing excess P from soil solutions [25] .
In terms of forage quality, the second regrowth harvests were composed of vegetative growth with >25% crude protein. In comparison, the crude protein concentration of the initial growth harvested near anthesis was about 150 g•kg −1 , which exceeds maintenance requirements for most classes of livestock, including dairy cows. The regrowth forage, which far exceeded maintenance requirements for crude protein, could be blended with lower quality forages (i.e., crop residues) to extend forage supplies. However, the yield of the second regrowth was generally less than 1 Mg•ha −1 . Correspondingly, Zemenchik and Albrecht [23] concluded that the increase in forage N yield for three cool-season grasses was due to increased DM yield rather than an increase in N concentration in the forage tissues. The concentrations of crude protein found in the regrowth in this study were comparable to those reported by Smith and Sund [26] for vegetative regrowth of smooth bromegrass from Wisconsin.
An associated environmental benefit of using smooth bromegrass as opposed to orchardgrass (Dactylis glomerata L.), for example, for VTAs is the reduced potential for erosion provided by the extensive rhizome system of smooth bromegrass [27] . However, orchardgrass had higher apparent nitrogen recovery and higher nitrogen use efficiency due to a more uniform seasonal distribution of forage production than smooth bromegrass in Wisconsin.
Beef cattle feedlots have the potential to release high amounts of nitrogen and phosphorus to a VTA. The percentage of nitrogen recovered has been shown to be inversely related to the amount applied in fertilizer rate studies [7] [28] . Therefore, the size of the VTA, the size of the settling basin, which can influence the concentration of nutrients in the effluent applied to the VTA, and the nutrient uptake capacity of the vegetation are important parameters in the design of the vegetated treatment system. In the present study, the soil P level increased by >50% over a 2-yr period; whereas, the soil N level increased by <7%. The amount of nitrogen in outflow was less than 1% (data not shown). The apparent loss of N from within the system may have been due to losses to the atmosphere through volatilization and leaching beyond the depth of soil sampling. Although the VTA was undersized, it appeared to be effective for containing nutrients [15] .
Conclusion
Results of this research indicated that VTAs with a sod of smooth bromegrass could be managed (two to three harvests annually) sustainably to produce large amounts (>8 Mg•DM•ha −1 ) of high quality forage and to remove high amounts of nutrients (N and P) from the soil. The quality of the forage produced on the VTA, estimated by concentration of crude protein (CP), was excellent. This capacity for high levels of quality forage production and nutrient removal was due to the ability of the smooth bromegrass to produce at least one cycle of leafy regrowth with a high concentration of N during the summer and early autumn, in addition to a large initial growth that reached physiological maturity during early summer. The sustainability of the 2-and 3-harvest systems may depend on the amount of precipitation that falls from the middle to the end of the growing season. Although this study indicated that smooth bromegrass was well-suited for vegetated treatment areas in South Dakota, future research that compares multiple species of perennial grasses in monoculture and mixtures for forage production and nutrient removal on vegetated treatment areas should be valuable.
